Objective-Uremia accelerates atherosclerosis in apolipoprotein E-deficient (apoE Ϫ/Ϫ ) mice. We examined whether this effect may be preventable by pharmacological blockade of the renin-angiotensin system (RAS). Methods and Results-Uremia was induced in apoE Ϫ/Ϫ mice by 5/6 nephrectomy (NX). Treatment with the angiotensin converting enzyme inhibitor enalapril (2 or 12 mg/kg/d) from week 4 to 36 after NX reduced the aortic plaque area fraction from 0.23Ϯ0.02 (nϭ20) in untreated mice to 0.11Ϯ0.01 (nϭ21) and 0.08Ϯ0.01 (nϭ23), respectively (PϽ0.0001); the aortic plaque area fraction was 0.09Ϯ0.01 (nϭ22) in sham-operated controls. Enalapril from week 20 to 44 after NX also retarded the progression of atherosclerosis. Plasma levels of soluble intercellular adhesion molecule-1 (sICAM-1) and vascular cell adhesion molecule-1 (sVCAM-1) and concentrations of IgM antibodies against oxidized low density lipoprotein (OxLDL) increased after NX (PϽ0.01). Enalapril (12 mg/kg/d) attenuated these increases (PϽ0.05) and reduced aortic expression of vascular cell adhesion molecule (VCAM)-1 mRNA (PϽ0.05). Atherosclerosis in NX mice was also reduced by losartan (an angiotensin II receptor-blocker), but not when blood pressure was lowered with hydralazine (a non-RAS-dependent vasodilator). Key Words: renal failure Ⅲ atherosclerosis Ⅲ blood pressure Ⅲ oxidized low density lipoprotein antibodies Ⅲ ICAM-1 Ⅲ VCAM-1 Ⅲ angiotensin converting enzyme inhibitor Ⅲ angiotensin II receptor antagonist A lthough renal dysfunction is often accompanied by dyslipidemia, hypertension, and diabetes, the high prevalence of cardiovascular disease in patients with renal disease cannot be explained by the classical risk factors alone.
A lthough renal dysfunction is often accompanied by dyslipidemia, hypertension, and diabetes, the high prevalence of cardiovascular disease in patients with renal disease cannot be explained by the classical risk factors alone. 1, 2 In addition, patients with renal failure seemingly respond differently than the general population to treatment for cardiovascular disease, eg, there was no effect of statin treatment on cardiovascular disease outcomes in hemodialysis patients with type 2 diabetes, 3 but a reduction of cardiovascular disease in a heterogenous population of hemodialysis patients with preexisting cardiovascular disease treated with vitamin E. 4 Uremia confers markedly accelerated formation of atherosclerotic lesions in apolipoprotein E-deficient (apoE Ϫ/Ϫ ) mice [5] [6] [7] [8] which are qualitatively similar to those in mice with normal kidney function, ie, with intimal accumulation of macrophagederived foam cells and cholesteryl esters. 7 The mechanisms for the proatherogenic effect of uremia are, however, unknown.
Uremic patients show increased plasma concentrations of various markers of oxidative stress and inflammation. 9 -11 Moreover, atherosclerotic lesions in uremic mice display pronounced accumulation of nitrotyrosine 5, 6 and increased expression of vascular cell adhesion molecule-1 (VCAM-1) and intercellular cell adhesion molecule-1 (ICAM-1). 7 Oxidative stress leading to formation of oxidized LDL (OxLDL) appears to play a pivotal role in the development of atherosclerosis. 12 Hence, OxLDL has important proatherogenic effects in the vasculature including endothelial damage and accelerated foam cell formation. 13 The formation of oxidized neoepitopes in LDL can elicit an immune response with formation of antibodies against OxLDL. 14 The potential role of these antibodies in the atherogenic process, however, is complex and remains unresolved. 14, 15 The cause of inflammation and increased oxidative stress in uremia may relate to activation of the renin angiotensin system (RAS) with formation of angiotensin II. Angiotensin II increases the oxidation of LDL by macrophages via a lipoxygenase-dependent pathway. 16 Interestingly, treatment with angiotensin converting enzyme (ACE) inhibitors or angiotensin II receptor antagonists have previously been reported to be antiinflammatory 17 and to inhibit LDL oxida-tion in vitro, 16, 18 and ACE inhibitors have been shown to improve the survival in a cohort of renal patients. 19, 20 In this study, we investigated the effect of RAS on atherogenesis, inflammation, and titers of antibodies against OxLDL in uremic apoE Ϫ/Ϫ mice by pharmacological inhibition of ACE or blockade of the angiotensin II receptor.
Materials and Methods

Induction of uremia
Moderate uremia was induced by surgical 5/6 nephrectomy (NX) in apoE Ϫ/Ϫ mice 7 (please see supplemental materials, available online at http://atvb.ahajournals.org).
Blood pressure and Atherosclerosis Measurements
Systolic blood pressure (BP) was measured with a tail-cuff system. 5 Atherosclerosis was determined by digital image analysis 5, 7 (please see supplemental materials).
Biochemistry
Plasma biochemistry analyses were performed as described in the supplemental materials. Aortic ICAM-1 and VCAM-1 mRNA were quantified with real-time polymerase chain reaction (PCR) 7 (please see supplemental materials).
Experimental Design
Experiment 1
To study the effect of ACE inhibition on the development of atherosclerosis in uremic apoE Ϫ/Ϫ mice, treatment with the ACE inhibitor enalapril (2 or 12 mg/kg/d) was started 4 weeks after 5/6 nephrectomy (NX) (nϭ21 and nϭ23, respectively); control mice received no medication (nϭ21). Sham-operated mice were allocated to treatment with enalapril 12 mg/kg/d (nϭ24) or no medication (nϭ23). Aortas were removed 36 weeks after NX.
Experiment 2
To examine the effect of ACE inhibition on progression of established atherosclerosis, NX apoE Ϫ/Ϫ mice were treated with enalapril (2 mg/d/kg for the initial 2 weeks, 7 mg/kg/d for the following 2 weeks, and 12 mg/kg/d for 20 weeks) (nϭ7) or no medication (nϭ6) from 20 weeks after NX. Aortas were removed 44 weeks after NX.
Experiment 3
To compare the effect of ACE inhibition, blockade of the angiotensin II receptor, and blood pressure lowering with a non-RAS dependent vasodilator on uremic atherosclerosis in apoE Ϫ/Ϫ mice, treatment was started 1 week after NX with enalapril (12 mg/kg/d; nϭ13), losartan (30 mg/kg/d; nϭ15), hydralazine (55 mg/kg/d; nϭ7), or no medication (nϭ10). Sham-operated mice (nϭ6) received no medication. Aortas were removed 16 weeks after NX or sham-operation.
Experiment 4
To examine the effect of ACE inhibition on formation of antibodies against OxLDL and on aortic mRNA expression of ICAM-1 and VCAM-1 in acute uremia, NX apoE Ϫ/Ϫ mice were treated with enalapril (12 mg/kg/d, nϭ16) or received no medication (nϭ14) from the day of NX (ie, removal of the left kidney in the second operation). Plasma for antibody titer determinations and aortas for RNA isolation were collected 2 weeks after NX.
Experiment 5
To assess the effect of uremia on titers of antibodies against OxLDL in normocholesterolemic mice, plasma from C57Bl/6J wild-type mice was collected 2 and 12 weeks after NX (nϭ22) or shamoperation (nϭ11). Table II) . Accordingly, NX also had significant effects on blood hemoglobin, plasma calciumϫphosphate product, plasma cholesterol concentration, and body weight, but not on the blood glucose concentration (Experiment 1, Table) . As previously seen, 7 the plasma concentrations of sICAM-1 and sVCAM-1 were significantly elevated in NX compared with sham-operated mice (Experiment 1, Table) . The mean systolic arterial BP was slightly increased in NX compared with sham-operated mice 2 weeks after surgery (119Ϯ1, nϭ65 versus 113Ϯ1 mm Hg, nϭ47, PϽ0.01), but was similar in NX (114Ϯ2 mm Hg) and sham-operated mice (112Ϯ1 mm Hg) at 36 weeks (Experiment 1, Figure 1A ). The plasma ACE activity was increased in NX compared with sham-operated mice at 8 weeks (671Ϯ16 versus 569Ϯ19 U/L, PϽ0.001) and at 36 weeks (Experiment 1, Figure 1B ) after surgery. Plasma ACE activity decreased with age both in NX and sham-operated mice.
Results
Effect of Uremia on
Effect of Uremia on Formation of Antibodies Against Oxidized LDL
Two weeks after NX, the plasma titers of IgM and IgG antibodies reacting with malondialdehyde modified (MDA)-LDL and Cu 2ϩ -oxidized (CuOx)-LDL displayed pronounced increases (Experiment 1, Figure 2 ). Importantly, sham operations did not affect the titers of IgM antibodies or anti-MDA-LDL IgG antibodies, although a slight increase in the titers of anti-CuOx-LDL IgG antibodies was observed. The total IgM concentration also increased after NX (data not shown). Importantly, however, the ratios between IgM antibodies reacting with MDA-LDL and CuOx-LDL versus total IgM increased 1.7-fold (PϽ0.05) and 2.4-fold (PϽ0.01) after NX, respectively, and both were significantly higher in NX versus sham-operated mice.
Thirty-six weeks after surgery, the plasma titers of IgM and IgG antibodies reacting with CuOx-LDL remained significantly higher in NX compared with sham-operated mice (Experiment 1, supplemental Table III) . At this time point, the plasma titers of IgM antibodies reacting with MDA-LDL were also increased in NX mice, whereas the titers of IgG antibodies reacting with MDA-LDL did not differ significantly between the 2 groups. Interestingly, in normocholesterolemic wild-type mice (Experiment 5, supplemental Table  II) , the antibody response to OxLDL on the induction of uremia by NX was similar to that in apoE Ϫ/Ϫ mice.
We measured oxidized phospholipid (EO6) epitopes present and apoB100 (OxLDL-EO6) to assess whether the immune response was associated with increased plasma levels of OxLDL. The plasma OxLDL-EO6 concentrations were Ϸ50% higher in NX compared with sham-operated mice (3092Ϯ363, nϭ10 versus 2088Ϯ101 RLUs, nϭ6, PϽ0.05; Experiment 3, supplemental Figure I , available online at http://atvb.ahajournals.org).
Effect of RAS Inhibition on the Development of Atherosclerosis in Uremic Mice
In Experiment 1, the aortic plaque area fraction was 0.23Ϯ0.02, nϭ20 in NX mice versus 0.09Ϯ0.01, nϭ22 in sham-operated mice (PϽ0.0001), when the mice received no medication and aortas were removed 36 weeks after surgery (Experiment 1, Figure 3) . In NX mice, enalapril 2 and 12 mg/kg/d reduced the aortic plaque area fraction to 0.11Ϯ0.01, nϭ21 and 0.08Ϯ0.01, nϭ23, respectively (PϽ0.0001 compared with NX mice receiving no medication). In shamoperated mice, enalapril 12 mg/kg/d reduced the aortic plaque area fraction to 0.06Ϯ0.01, nϭ24 (PϽ0.01 compared with sham-operated mice receiving no medication).
In Experiment 2, we assessed whether enalapril inhibited the progression of established lesions by commencing treatment 20 weeks after NX. Enalapril was administered at increasing doses, ie, 2 mg/kg/d for the initial 2 weeks. At the end of the study, BP was lower in the enalapril-treated than in the no medication group (91Ϯ4 versus 117Ϯ6 mm Hg, PϽ0.01). There was no difference in plasma urea concentrations between the enalapriltreated and control NX mice (20.5Ϯ1.2 versus 20.8Ϯ4.3 mmol/ L). The enalapril-treated NX mice had a significantly smaller aortic plaque area fraction (0.22Ϯ0.03, nϭ7) compared with NX mice receiving no medication (0.32Ϯ0.02, nϭ6, PϽ0.01) (Experiment 2, supplemental Figure II) .
In Experiment 3, we compared the effect of enalapril, losartan, and non-RAS dependent BP lowering with hydralazine on atherosclerosis in NX apoE Ϫ/Ϫ mice. In NX apoE Ϫ/Ϫ mice, enalapril and losartan reduced the aortic plaque area fraction to a similar extent from 0.021Ϯ0.003, nϭ10 in NX mice receiving no medication to 0.009Ϯ0.002, nϭ13 (PϽ0.01) and 0.014Ϯ0.001, nϭ15 (PϽ0.05), respectively (Experiment 3, Figure 4 ). The aortic plaque area fraction was similar to that in mice receiving no medication in hydralazine-treated NX apoE Ϫ/Ϫ mice (0.029Ϯ0.007, nϭ7). The mean systolic arterial BP was reduced to a similar extent in NX mice treated with either enalapril, losartan, or hydralazine (Experiment 3, supplemental Table I ). Plasma urea and cholesterol concentrations were higher in enalapriltreated as compared with untreated NX mice (PϽ0.05), whereas body weight and plasma urea concentration were lower in hydralazine-treated compared with enalapril-treated NX mice (PϽ0.01). Table) . However, despite similar concentrations of plasma urea at randomization (data not shown), NX mice treated with 2 mg/kg/d of enalapril from 4 weeks after surgery appeared slightly less uremic than NX mice treated with 12 mg/kg/d and the NX mice that received no medication. Nevertheless, in NX mice, enalapril 2 and 12 mg/kg/d reduced the plasma ACE activity and the systolic arterial BP dose dependently (Experiment 1, Figure 1 ). Enalapril (12 mg/kg/d) also reduced the plasma ACE activity and the systolic arterial BP in sham-operated mice.
Effect of ACE Inhibition on Measures of Uremia
Enalapril (12 mg/kg/d) reduced the plasma concentrations of sICAM-1 and sVCAM-1 in NX mice (PϽ0.01 and PϽ0.05), but not in sham-operated mice at 36 weeks (Experiment 1, Table) . Moreover, enalapril (12 mg/kg/d) reduced the aortic mRNA expression of VCAM-1 in NX mice (PϽ0.05), when treatment was initiated immediately after NX and aortas were removed 2 weeks later (Experiment 4, Figure 5A ).
Effect of RAS Inhibition on Formation of Antibodies Against Oxidized LDL
When enalapril-treatment (12 mg/kg/d) was commenced 4 weeks after NX it only led to lower plasma titers of IgG antibodies against CuOx-LDL but did not affect IgG antibod- Figure I) . We therefore conducted Experiment 4 where enalapril treatment was started immediately after NX, to see whether enalapril would prevent the acute effect of uremia on IgM antibody titers, which was evident already 2 weeks after NX. In that study, enalapril (12 mg/kg/d) reduced the titers of IgM antibodies against CuOx-LDL and MDA-LDL after 2 weeks of treatment (Experiment 4, Figure 5B ), but did not affect the titers of IgG antibodies against CuOx-LDL or MDA-LDL (data not shown).
Discussion
As in previous studies, 5,7 NX conferred markedly increased lesion areas in aortas of apoE Ϫ/Ϫ mice. The results strongly support the notion that RAS plays a pivotal role in the accelerated growth of atherosclerotic lesions in NX mice. Firstly, the effect of NX on atherosclerosis was essentially eliminated by 12 mg/kg/d of enalapril when the treatment was started 4 weeks after NX, ie, before or at a very early stage of lesion development. 7 Secondly, when enalapril treatment was initiated 20 weeks after NX and commenced for 24 weeks the mean aortic plaque area fraction was reduced from 32% to 22%. We suspect that lesion formation was extensive when treatment was started at 20 weeks, because we previously found that NX mice had a mean aortic plaque area fraction of 27% after 22 weeks. 5 Thirdly, enalapril and losartan both reduced aortic atherosclerosis in NX apoE Ϫ/Ϫ mice. Thus, RAS blockade effectively abolishes the effect of moderate uremia both on lesion initiation and on progressive growth of preestablished atherosclerotic lesions in apoE Ϫ/Ϫ mice. Hypertension is highly prevalent in patients with chronic renal failure, 21 and BP-lowering drugs reduce the risk of vascular events even in nonhypertensive individuals with high-risk disorders, including chronic renal failure. 20, [22] [23] [24] The NX apoE Ϫ/Ϫ mice develop extensive atherosclerosis, even though BP is essentially normal: notwithstanding careful training of the mice before measurements, we only detected a small increase of the BP at 2 weeks, but not at 36 weeks after NX. The effect of enalapril on atherosclerosis in NX mice was dose-dependently associated with a lowering of the BP in uremic mice. However, although hydralazine was as effective as enalapril and losartan in lowering the BP, it did not reduce atherosclerosis in NX apoE Ϫ/Ϫ mice. Thus, the results suggest that the antiatherosclerotic effect of enalapril and losartan is, at least in part, related to BP-unrelated effects of RAS inhibition. This conclusion is in agreement with the BPindependent reduction of atherosclerosis by losartan in unilaterally nephrectomized apoE Ϫ/Ϫ mice. 25 RAS blockade has a number of potentially antiatherogenic effects, eg, reduction of expression of adhesion molecules and chemokines, subintimal macrophage infiltration 17 and macrophage-mediated oxidation of LDL, 16 deactivating of NF-B, 26 upregulation of peroxisome proliferator-activated receptors, 17 and increase of vascular NO release. 27 Indeed, enalapril reduced the aortic expression of VCAM-1 mRNA and the plasma concentrations of sVCAM-1 and sICAM-1, suggesting that reduced inflammation in the arterial wall contributes to the antiatherogenic effect of RAS blockade in NX apoE Ϫ/Ϫ mice. Even though chronic uremia attenuates the function of the immune system, 28, 29 some studies of patients with chronic uremia have seen increased plasma titers of antibodies against OxLDL. 30, 31 The present results strongly suggest that acute uremia, albeit moderate in the NX mouse model, leads to a rapid immune response against OxLDL, as indicated by marked increases of titers of IgM antibodies against OxLDL 2 weeks after NX. Of note, this effect is not dependent on hypercholesterolemia, because we observed similar increases of OxLDL antibodies in normocholesterolemic wild-type NX mice. Moreover, although total IgM levels were increased 2 weeks after NX, the ratio of OxLDL-specific IgM to total IgM was always higher and there was no difference in total IgM levels between sham-operated and NX mice after 16 weeks. Thus, uremia induces an immune response specific for epitopes of OxLDL.
The formation of antibodies against OxLDL 2 weeks after NX likely reflects increased generation of OxLDL. Indeed, uremia is associated with increased production of reactive oxygen species, 9,32 and reduced levels of antioxidants, 9, 32 which promote the generation of OxLDL. Hence, the circulating plasma levels of OxLDL-EO6 were increased in NX mice.
The current data suggest that activation of RAS may contribute to the acute immune response against OxLDL in uremia. Thus, the plasma ACE activity was elevated in the NX mice and the acute rise in titers of IgM antibodies against MDA-LDL and CuOx-LDL was attenuated when enalapril treatment was started immediately after induction of uremia. When enalapril treatment was started 1 week (Experiment 3) or 4 weeks (Experiment 1) after induction of uremia, however, there was no effect of enalapril on the IgM titers. This suggests that the blunting of the IgM response by ACE inhibition in NX apoE Ϫ/Ϫ mice depends on starting treatment immediately when uremia is introduced.
The plasma OxLDL-EO6 levels in NX apoE Ϫ/Ϫ mice were not reduced by enalapril. There are, however, multiple epitopes in OxLDL besides EO6. Thus, further studies are needed to resolve how enalapril might affect OxLDL formation in uremia.
Increased oxidative stress is a known proatherogenic stimulus, 13 ,33 but it is not clear whether the induced antibodies themselves have pro-or antiatherogenic properties. In LDL receptor deficient mice, titers of antibodies against OxLDL are positively associated with atherosclerosis. 34 Nevertheless, vaccination with OxLDL protects animal models against atherosclerosis. [35] [36] [37] The findings in the present study imply that the antiatherogenic effect of enalapril is not reflected by an effect on antibody titers when started after uremia has developed. They also suggest that the antibodies against modified LDL themselves are not causing the accelerated lesion formation in NX mice.
In summary, the present study showed that RAS blockade with enalapril or losartan almost completely prevented the otherwise accelerated formation of atherosclerotic lesions in uremic apoE Ϫ/Ϫ mice. This was, at least partly, independent of BP-lowering and possibly reflects antiinflammatory and antioxidative effects. 
